Introduction
============

Lung cancer is not only the most commonly diagnosed cancer, but also the leading cause of cancer-associated death globally, with a predicted 2,28,150 novel cases and 1,47,510 deaths annually ([@b1-or-44-04-1403],[@b2-or-44-04-1403]). Non-small cell lung cancer (NSCLC) is the most prevalent pathological subtype of lung cancer and accounts for 80--85% of all lung cancer cases ([@b3-or-44-04-1403]). NSCLC is classified into lung squamous cell carcinoma, lung adenocarcinoma and large-cell lung cancer, and all three pathological classifications manifest similar biological behaviors and gene mutations ([@b4-or-44-04-1403]). Although vigorous attempts have been made to improve the quality of NSCLC therapy, the long-term survival of patients remains low ([@b5-or-44-04-1403]). When diagnosed at an early stage, NSCLC can be effectively treated by surgical resection, chemotherapy and radiotherapy. However, most patients are diagnosed at a later or advanced stage, and are typically treated with first-line therapeutic strategies that have poor clinical efficiency ([@b6-or-44-04-1403]). Therefore, advancements in diagnostic testing and therapy are necessary. An improved understanding of the mechanisms underlying NSCLC tumorigenesis may aid in the identification of promising diagnostic biomarkers and therapeutic targets.

Long noncoding RNAs (lncRNAs) belong to a large and diverse group of transcripts of \>200 nucleotides that lack protein-coding capacity ([@b7-or-44-04-1403]). In previous decades, lncRNAs have received increasing attention for their roles in numerous biological activities and diseases, particularly in human cancers ([@b8-or-44-04-1403]). Differentially expressed lncRNAs have been verified in almost all human cancer types, including NSCLC ([@b9-or-44-04-1403],[@b10-or-44-04-1403]). An increasing number of studies have shown that the dysregulation of lncRNAs plays a significant role in NSCLC tumorigenesis and progression by exerting cancer-inhibiting or oncogenic effects ([@b11-or-44-04-1403]--[@b13-or-44-04-1403]).

MicroRNAs (miRNAs) are a class of single-stranded noncoding RNA that can directly bind to the 3′-untranslated region of their target mRNAs, which triggers mRNA degradation and/or translation depression ([@b14-or-44-04-1403]). Studies have shown that aberrant miRNA expression is closely associated with the initiation and development of NSCLC, and is implicated in the regulation of a wide range of tumorigenic behaviors ([@b15-or-44-04-1403]--[@b17-or-44-04-1403]). Multiple studies have revealed that lncRNAs are capable of interacting with miRNAs, thereby forming competing endogenous RNA (ceRNA) regulatory networks to modulate the expression and function of coding genes in NSCLC ([@b18-or-44-04-1403]--[@b20-or-44-04-1403]). Hence, studying the detailed roles of lncRNAs and miRNAs in NSCLC, as well as illustrating their cellular functions and interactions, may aid the diagnosis, prognostic prediction and development of therapies for NSCLC.

lncRNA CBR3 antisense RNA 1 (CBR3-AS1) has been shown to promote the initiation and progression of osteosarcoma ([@b21-or-44-04-1403]). The present study aimed to explore whether CBR3-AS1 is involved in the development of NSCLC. CBR3-AS1 expression was detected in NSCLC tissues and cells lines to reveal its prognostic significance in NSCLC, and to determine its influence on aggressive phenotypes of NSCLC cells. The study also aimed to elucidate the potential molecular mechanisms underlying the oncogenic roles of CBR3-AS1, which may provide potential targets for novel diagnostic and therapeutic strategies.

Materials and methods
=====================

### Patients and tissue samples

In total, 57 pairs of tumor and adjacent healthy tissues were collected from patients (31 male and 26 female patients; age range, 51--72 years) admitted to Weifang People\'s Hospital (Weifang, China) between May 2014 and February 2015. The study participants did not receive systemic or local anticancer treatments prior to surgical resection. All surgical tissues were immediately frozen and stored in liquid nitrogen for further use. The present study was approved by the Human Ethics Committee of Weifang People\'s Hospital and was performed in accordance with the Declaration of Helsinki. Written informed consent was obtained from all study participants.

### Cell lines

A total of four NSCLC cell lines (SK-MES-1, H522, H460 and A549) and the human BEAS-2B nontumorigenic bronchial epithelial cell line were purchased from the American Type Culture Collection. SK-MES-1 cells were cultured in Minimum Essential Medium containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (all Gibco; Thermo Fisher Scientific, Inc.). H522, H460, and A549 cells were cultured in RPMI 1640 (Gibco; Thermo Fisher Scientific, Inc.), though the other conditions were the same as those used for SK-MES-1 cells. BEAS-2B cells were cultured in Bronchial Epithelial Cell Growth Medium (Lonza Group Ltd.). All cells were maintained at 37°C in an incubator supplied with 5% CO~2~.

### Transfection

Specific small interfering RNAs (siRNAs) against CBR3-AS1 (si-CBR3-AS1\#1, \#2 and \#3) and a negative control siRNA (si-NC) were acquired from Guangzhou RiboBio Co., Ltd. The si-CBR3-AS1 sequences were as follows: si-CBR3-AS1\#1, 5′-ATGCAATTTCTTTAAAAAGC-3′; si-CBR3-AS1\#2, 5′-CAGTTTATTTTTATTTATTTTTT-3′; and si-CBR3-AS1\#3, 5′-AGCTCAAATTTTTTATATATTTC-3′. The si-NC sequence was 5′-CACGATAAGACAATGTATTT-3′. Furthermore, the miR-509-3p agomir (agomir-509-3p), negative control agomir (agomir-NC), miR-509-3p antagomir (antagomir-509-3p) and negative control antagomir (antagomir-NC) were synthesized by Shanghai GenePharma Co., Ltd. The corresponding sequences were as follows: Agomir-509-3p, 5′-GAUGGGUGUCUGCAUGGUUAGU-3′; agomir-NC, 5′-UUGUACUACACAAAAGUACUG-3′; antagomir-509-3p, 5′-CUACCCACAGACGUACCAAUCA-3′; and antagomir-NC 5′-CAGUACUUUUGUGUAGUACAA-3′. The histone deacetylase 9 (HDAC9) overexpression vector pcDNA3.1-HDAC9 and empty pcDNA3.1 plasmid were purchased from Sangon Biotech Co., Ltd.

Cells were seeded into 6-well plates at a density of 6×10^5^ cells per well, and then separately or co-transfected with the aforementioned siRNAs (100 pmol), agomirs (50 nM), antagomirs (100 nM) and plasmids (4 µg) using Lipofectamine^®^ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). All transfection procedures were conducted at room temperature. After 48 h incubation at 37°C, reverse transcription-quantitative (RT-q) PCR, flow cytometry and Transwell migration and invasion assays were carried out. Cell Counting kit-8 (CCK-8) and western blot assays were performed at 24 and 72 h post-transfection, respectively.

### Nuclear-cytoplasmic fractionation, RNA isolation and RT-qPCR

The nuclear and cytoplasmic fractions of NSCLC cells were separated using the PARIS™ Kit (Invitrogen; Thermo Fisher Scientific, Inc). Next, the total nuclear and cytoplasmic RNA was extracted using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.), after which the RNA was subjected to RT-qPCR to determine the subcellular localization of CBR3-AS1. To quantify CBR3-AS1 and HDAC9 mRNA expression, complementary DNA was synthesized using the PrimeScript RT reagent Kit (Takara Biotechnology Co., Ltd.) and qPCR was conducted using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd.). The qPCR thermocycling conditions were as follows: 5 min at 95°C, followed by 40 cycles of 95°C for 30 sec and 65°C for 45 sec. GAPDH was used for the normalization of CBR3-AS1 and HDAC9 mRNA expression. To quantify miR-509-3p expression, total RNA was reversed transcribed using the miScript reverse transcription kit and qPCR was performed using the miScript SYBR Green PCR kit (both Qiagen GmbH). The thermocycling conditions were as follows: 95°C for 2 min, 95°C for 10 sec, 55°C for 30 sec and 72°C for 30 sec, for 40 cycles. The expression of miR-509-3p was normalized to that of U6 small nuclear RNA. All expression levels were quantified using the 2^−ΔΔCq^ method ([@b22-or-44-04-1403]). Each group contained three replicates and RT-qPCR was repeated three times. The qPCR primer sequences were as follows: CBR3-AS1 forward, 5′-CAATAGGGAAGCAGAGGGAGAA-3′ and reverse, 5′-TTAGAGATTCCTACAGACCCAGGTC-3′; HDAC9 forward, 5′-TCAGCTCAGTGGATGTGAAGTCA-3′ and reverse, 5′-GCTGTTTCTGAAACTCTGCTATCAG-3′; GAPDH forward, 5′-CGGAGTCAACGGATTTGGTCGTAT-3′ and reverse, 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′; miR-509-3p forward, 5′-TCGGCAGGUACUGCAGACGUG-3′ and reverse, 5′-CACTCAACTGGTGTCGTGGA-3′; and U6 forward, 5′-GCTTCGGCAGCACATATACTAAAAT-3′ and reverse, 5′-CGCTTCACGAATTTGCGTGTCAT-3′.

### CCK-8 assay

A total of 2×10^3^/well transfected cells resuspended in 100 µl culture medium were inoculated into 96-well plates. The cells were incubated for 0, 24, 48 or 72 h, and 10 µl of CCK-8 solution (Sigma-Aldrich, Merck KGaA) was added to each well, after which the plates were incubated at 37°C (5% CO~2~) for an additional 2 h. Absorbance was measured at 450 nm on a microplate reader (Multiscan MK3; Thermo Fisher Scientific, Inc.). Each group contained five replicates and the assay was repeated three times.

### Flow cytometry

The Annexin V-Fluorescein Isothiocyanate (FITC) Apoptosis Detection Kit (BioLegend, Inc.) was used to determine apoptotic rate. Briefly, transfected cells were collected 48 h post-transfection and washed twice with ice-cooled phosphate-buffered solution (Gibco; Thermo Fisher Scientific, Inc.). The cells were centrifugated at 800 × g for 5 min at room temperature, and resuspended in 100 µl binding buffer. Then, 5 µl Annexin V-FITC and 10 µl propidium iodide were added for double staining. Following a 15-min incubation in the dark at room temperature, the apoptotic rate was determined by flow cytometry (FACScan; BD Biosciences). CellQuest software (version 2.9; BD Biosciences) was used for data analysis. Each group contained three replicates and the assay was repeated three times.

### Transwell migration and invasion assays

Transfected cells were harvested and resuspended in serum-free culture medium. Next, 200 µl cell suspension (5×10^4^ cells) was added into the upper compartments of Transwell inserts (pore size, 8 µm; BD Biosciences) and 600 µl complete culture medium was added to the bottom chambers to induce migration. After 24 h incubation at 37°C, non-migratory cells were removed from the upper chamber using a cotton swab, and cells that had migrated to the lower chamber were fixed with methanol at room temperature for 30 min and stained with 0.1% crystal violet at room temperature for 30 min. Following extensive rinsing, imaging of the stained cells was performed using an inverted microscope (Olympus Corporation; ×200 magnification), and five randomly selected fields were counted. The same procedure was followed for the Transwell invasion assay, but the membranes were precoated with Matrigel (BD Biosciences) at 37°C for 2 h. The number of migratory and invasive cells was counted, and the average values were used to determine the migratory and invasive capacities, respectively. The assay was repeated three times.

### Tumor xenograft model

Plasmids carrying short hairpin RNA (shRNA) against CBR3-AS1 (pLKO.1-sh-CBR3-AS1) or the negative control shRNA (pLKO.1-sh-NC) were manufactured by Shanghai GenePharma Co., Ltd. H460 cells were transfected with the aforementioned lentivirus produced by Shanghai GenePharma Co., Ltd, and puromycin was used to select a stable CBR3-AS1-knockdown cell line. Animal experimental procedures were approved by the Institutional Animal Care and Use Committee of Weifang People\'s Hospital. For the xenograft study, H460 cells stably transfected with sh-CBR3-AS1 (sh-CBR3-AS1 group) or sh-NC (sh-NC group) were collected and subcutaneously injected into 4--6-week-old male BALB/c nude mice (20 g each; Beijing Vital River Laboratory Animal Technology Co., Ltd). A total of six mice were used in the assay (three mice per group). The animals were maintained under specific pathogen-free conditions at 25°C and 50% humidity, with a 10:14 light/dark cycle and ad libitum access to food and water. The size of the subcutaneous tumors was monitored and recorded weekly for 4 weeks. Tumor volume was calculated as follows: Volume=0.5 × length × width^2^. All mice were euthanized by cervical dislocation after the last measurement, and the subcutaneous tumors were resected and weighed. Tumor xenografts were collected and used for RT-qPCR and western blot analysis.

### Bioinformatics analysis

The potential interaction between CBR3-AS1 and miRNA(s) was predicted using the StarBase online tool (<http://starbase.sysu.edu.cn/>). For miRNA target prediction, two online databases, miRDB (<http://mirdb.org/>) and TargetScan (<http://www.targetscan.org/vert_72/>), were used to search for putative targets of miR-509-3p. lncLocator (<http://www.csbio.sjtu.edu.cn/bioinf/lncLocator/>) was utilized to predict the localization of CBR3-AS1.

### Luciferase reporter assay

Partial sequences of CBR3-AS1 carrying wild-type (WT) miR-509-3p binding sequences were amplified and inserted into the pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega Corporation) and termed WT-CBR3-AS1. The mutant (MUT) sequences of CBR3-AS1 were also cloned into the same vector to generate the MUT-CBR3-AS1 luciferase reporter vector. WT-HDAC9 and MUT-HDAC9 luciferase reporter vectors were designed and produced using the same procedure. NSCLC cells were seeded into 24-well plates and 24 h later, were co-transfected with WT or MUT luciferase reporter vectors along with agomir-509-3p or agomir-NC using Lipofectamine^®^ 2000. After 48 h, luciferase activity was measured using the Dual-Glo^®^ Luciferase Assay System (Promega Corporation). The assay was repeated three times and contained three replicates. *Renilla* luciferase activity was used for the normalization of firefly luciferase activity.

### RNA immunoprecipitation (RIP)

The Magna RIP™ RNA-Binding Protein Immunoprecipitation kit (EMD Millipore) was used per the manufacturer\'s protocol to determine potential interactions between CBR3-AS1 with miR-509-3p in NSCLC. NSCLC cells were harvested and lysed using the supplied RIP lysis buffer. Then, whole-cell extracts were incubated with RIP buffer and human anti-Argonaute (anti-Ago2) or anti-IgG antibodies (both cat. no. 03--110; EMD Millipore). After overnight incubation, the magnetic beads were collected, rinsed with washing buffer and treated with proteinase K to digest the proteins. The immunoprecipitated RNA was analyzed by RT-qPCR. The RIP assay was repeated three times and contained three replicates.

### Protein preparation and western blotting

Cells were lysed in RIPA buffer (Beyotime Institute of Biotechnology) supplemented with a protease inhibitor cocktail (Roche Diagnostics), and the extracted protein was quantified using a bicinchoninic acid protein assay kit (Nanjing KeyGen Biotech Co., Ltd.). Equal amounts of protein (30 µg per well) were separated by electrophoresis on 10% SDS-PAGE gels, and transferred onto polyvinylidene difluoride membranes (EMD Millipore). The membranes were blocked for 2 h at room temperature with 5% nonfat dry milk in Tris-buffered saline (0.1% Tween-20). After blocking, the membranes were incubated with primary antibodies \[anti-HDAC9 (cat. no. ab109446; Abcam) and anti-GAPDH (cat. no. ab128915; Abcam), both 1:1,000\] at 4°C overnight, and further incubated with a horseradish peroxidase-conjugated secondary antibody (1:5,000; cat. no. ab205718; Abcam). The blots were developed using the Immobilon Western Chemilum HRP substrate (EMD Millipore) and the assay was repeated three times. Quantity One software version 4.62 (Bio Rad Laboratories, Inc.) was used for densitometric analysis.

### Statistical analysis

The experimental results were analyzed using the SPSS statistics software package (version 21.0; IBM Corp) and expressed as the mean ± standard deviation. The χ^2^ test was used to evaluate the association between CBR3-AS1 expression and the clinicopathological characteristics of patients with NSCLC. Differences in CBR3-AS1 expression between tissue samples were assessed using paired Student\'s *t*-tests. One-way analysis of variance followed by Tukey\'s post-hoc test was performed to compare differences among multiple groups. Correlations between the expression levels of CBR3-AS1 and miR-509-3p in NSCLC tissues were analyzed using Spearman\'s correlation analysis. Patient overall survival was analyzed using Kaplan-Meier survival analysis, and the results were compared using the log-rank test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### CBR3-AS1 is upregulated and closely associated with poor prognosis in NSCLC

In total, 57 pairs of NSCLC tissues and adjacent healthy tissues were collected during the present study, and RT-qPCR was performed to determine CBR3-AS1 expression. CBR3-AS1 expression was prominently upregulated in NSCLC tissues compared with that in adjacent healthy tissues ([Fig. 1A](#f1-or-44-04-1403){ref-type="fig"}). CBR3-AS1 expression was also consistently higher in all four tested NSCLC cell lines (SK-MES-1, H522, H460 and A549) than in the human BEAS-2B nontumorigenic bronchial epithelium cell line ([Fig. 1B](#f1-or-44-04-1403){ref-type="fig"}).

To determine the clinical relevance of CBR3-AS1 in NSCLC, the patients were divided into high (≥ median) or low (\< median) CBR3-AS1 expression groups based on the median CBR3-AS1 level of their NSCLC tissue samples. χ^2^ analysis revealed that among the 57 patients, increased CBR3-AS1 expression was closely correlated with larger tumor size (P=0.033), advanced TNM stage (P=0.014), and increased incidence of lymph node metastasis (P=0.024; [Table I](#tI-or-44-04-1403){ref-type="table"}). Furthermore, Kaplan-Meier survival analysis revealed a significantly shorter overall survival time in NSCLC patients exhibiting high CBR3-AS1 expression than in those with low CBR3-AS1 expression ([Fig. 1C](#f1-or-44-04-1403){ref-type="fig"}; P=0.0288). Collectively, these findings indicate aberrant CBR3-AS1 expression in NSCLC, which is strongly correlated with tumorigenesis and progression.

### CBR3-AS1-knockdown inhibits the aggressive phenotypes of NSCLC cells

Given the expression profile of CBR3-AS1 in NSCLC cell lines and tissues, it was next determined whether CBR3-AS1 was required for the malignant progression of NSCLC. To this end, three siRNAs against CBR3-AS1 were transfected into H460 and A549 cells, and knockdown efficiency was assessed by RT-qPCR. si-CBR3-AS1\#1 was shown to be the most effective at silencing CBR3-AS1 expression in both H460 and A549 cells ([Fig. 2A](#f2-or-44-04-1403){ref-type="fig"}) and was therefore used in the following functional assays, and is henceforth referred to as si-CBR3-AS1. CCK-8 assays indicated that CBR3-AS1-knockdown markedly inhibited proliferative ability ([Fig. 2B](#f2-or-44-04-1403){ref-type="fig"}), and flow cytometry revealed that CBR3-AS1-knockdown promoted apoptosis ([Fig. 2C](#f2-or-44-04-1403){ref-type="fig"}) in H460 and A549 cells. Furthermore, the migration ([Fig. 2D](#f2-or-44-04-1403){ref-type="fig"}) and invasion ([Fig. 2E](#f2-or-44-04-1403){ref-type="fig"}) capacities of CBR3-AS1-deficient H460 and A549 cells were hindered compared with cells transfected with si-NC. Taken together, these data indicate that the downregulation of CBR3-AS1 suppressed proliferation, migration and invasiveness and promoted apoptosis in NSCLC cells.

### CBR3-AS1 acts as a ceRNA and sponges miR-509-3p in NSCLC cells

To determine the molecular events implicated in the CBR3-AS1-assocaited control of aggressive NSCLC cell phenotypes, lncLocator (<http://www.csbio.sjtu.edu.cn/bioinf/lncLocator/>), an lncRNA subcellular localization predictor, was used to predict the cellular localization of CBR3-AS1. CBR3-AS1 was predicted to be predominantly located in the cytoplasm ([Fig. 3A](#f3-or-44-04-1403){ref-type="fig"}), which was similar to the results of nuclear-cytoplasmic fractionation ([Fig. 3B](#f3-or-44-04-1403){ref-type="fig"}). These results suggest that CBR3-AS1 regulates the expression of target proteins at the post-transcriptional level. An increasing number of studies has illustrated that cytoplasmic lncRNAs function as ceRNAs or molecular sponges for specific miRNAs, thereby liberating miRNAs from their target RNA transcripts ([@b23-or-44-04-1403]).

Bioinformatics analysis was performed to identify miRNA(s) that could directly interact with CBR3-AS1. miR-509-3p was predicted to contain putative complementary binding sequences for CBR3-AS1 ([Fig. 3C](#f3-or-44-04-1403){ref-type="fig"}). Because miR-509-3p plays a crucial role in tumorigenesis and cancer progression ([@b24-or-44-04-1403]--[@b27-or-44-04-1403]), it was selected for further analysis. As is evident from the luciferase reporter assay, miR-509-3p overexpression successfully suppressed the luciferase activity of the reporter vector (harboring WT miR-509-3p binding sites) in H460 and A549 cells ([Fig. 3D](#f3-or-44-04-1403){ref-type="fig"}), and this suppression was abrogated when the miR-509-3p binding sequences were mutated (MUT-CBR3-AS1). Next, a RIP assay was used to determine whether CBR3-AS1 and miR-509-3p are present in the RNA-induced silencing complex. The results indicated that compared with the IgG control group, CBR3-AS1 and miR-509-3p were notably enriched in the Ago2-containing magnetic beads in H460 and A549 cells ([Fig. 3E](#f3-or-44-04-1403){ref-type="fig"}).

To further elucidate the correlation between CBR3-AS1 and miR-509-3p expression, RT-qPCR was performed to determine the expression levels of miR-509-3p in 57 paired NSCLC and adjacent healthy tissues. miR-509-3p expression was downregulated in NSCLC tissues compared with adjacent healthy tissues ([Fig. 3F](#f3-or-44-04-1403){ref-type="fig"}), which was inversely correlated with that of CBR3-AS1 in NSCLC tissues ([Fig. 3G](#f3-or-44-04-1403){ref-type="fig"}; r=−0.5541, P\<0.0001). Furthermore, miR-509-3p expression was increased following CBR3-AS1-knockdown in H460 and A549 cells ([Fig. 3H](#f3-or-44-04-1403){ref-type="fig"}). Collectively, CBR3-AS1 was shown to act as a molecular sponge that inhibits miR-509-3p expression in NSCLC cells.

### HDAC9 is a direct target gene of miR-509-3p in NSCLC cells

To assess the role of CBR3-AS1 in NSCLC, agomir-509-3p or agomir-NC were transfected into H460 and A549 cells. RT-qPCR analysis confirmed that miR-509-3p expression was markedly increased in both cell lines following agomir-509-3p transfection ([Fig. 4A](#f4-or-44-04-1403){ref-type="fig"}). CCK-8 assay and flow cytometric assays revealed that exogenous miR-509-3p expression significantly restrained proliferation ([Fig. 4B](#f4-or-44-04-1403){ref-type="fig"}) and promoted apoptosis ([Fig. 4C](#f4-or-44-04-1403){ref-type="fig"}) in H460 and A549 cells. Furthermore, Transwell migration and invasion assays confirmed that ectopic miR-509-3p expression reduced the migratory ([Fig. 4D](#f4-or-44-04-1403){ref-type="fig"}) and invasive ([Fig. 4E](#f4-or-44-04-1403){ref-type="fig"}) abilities of H460 and A549 cells.

To investigate the mechanisms underlying the tumor-suppressing roles of miR-509-3p in NSCLC cells, online bioinformatics tools were used to predict the potential targets of miR-509-3p. HDAC9 was predicted to contain a putative binding site for miR-509-3p ([Fig. 4F](#f4-or-44-04-1403){ref-type="fig"}). RT-qPCR and western blotting were then performed to analyze the impacts of miR-509-3p upregulation on HDAC9 mRNA and protein expression, respectively. Transfection with agomir-509-3p resulted in a significant decrease in HDAC9 expression at the both mRNA ([Fig. 4G](#f4-or-44-04-1403){ref-type="fig"}) and protein ([Fig. 4H](#f4-or-44-04-1403){ref-type="fig"}) levels. Next, a luciferase reporter assay was performed to address the direct binding between miR-509-3p and HDAC9 in NSCLC cells. Overexpression of miR-509-3p reduced the luciferase activity of WT-HDAC9 in H460 and A549 cells, but not that of its mutated counterpart ([Fig. 4I](#f4-or-44-04-1403){ref-type="fig"}). Further analysis confirmed that HDAC9 was highly expressed in NSCLC tissues compared with adjacent healthy tissues ([Fig. 4J](#f4-or-44-04-1403){ref-type="fig"}), and a negative expression correlation between HDAC9 mRNA and miR-509-3p was identified in NSCLC tissues ([Fig. 4K](#f4-or-44-04-1403){ref-type="fig"}; r=−0.6084, P\<0.0001). The aforementioned results collectively confirm that HDAC9 is a direct target of miR-509-3p in NSCLC cells.

### CBR3-AS1 drives the tumorigenicity of NSCLC cells through the miR-509-3p/HDAC9 axis

In the present study, CBR3-AS1 was found to function as a ceRNA for miR-509-3p, and HDAC9 as a direct target of miR-509-3p in NSCLC cells; accordingly, whether CBR3-AS1 positively modulates HDAC9 expression in NSCLC via miR-509-3p sponging was subsequently assessed. Silencing of CBR3-AS1 decreased HDAC9 mRNA ([Fig. 5A](#f5-or-44-04-1403){ref-type="fig"}) and protein ([Fig. 5B](#f5-or-44-04-1403){ref-type="fig"}) expression in both H460 and A549 cells. Consistently, CBR3-AS1 expression was positively correlated with HDAC9 mRNA expression in 57 NSCLC tissue samples ([Fig. 5C](#f5-or-44-04-1403){ref-type="fig"}; r=0.5546, P\<0.0001). Rescue experiments were then performed to determine whether miR-509-3p sponging was required for the CBR3-AS1-mediated regulation of HDAC9. Antagomir-509-3p was used to silence miR-509-3p expression in H460 and A549 cells, and silencing efficiency was verified by RT-qPCR ([Fig. 5D](#f5-or-44-04-1403){ref-type="fig"}). Antagomir-509-3p or antagomir-NC (in combination with si-CBR3-AS1) were co-transfected into H460 and A549 cells, and changes in HDAC9 expression were evaluated. In H460 and A549 cells, CBR3-AS1-knockdown decreased HDAC9 mRNA ([Fig. 5E](#f5-or-44-04-1403){ref-type="fig"}) and protein ([Fig. 5F](#f5-or-44-04-1403){ref-type="fig"}) expression, which was mostly restored after co-transfection with antagomir-509-3p.

CCK-8 and flow cytometric assays showed that downregulating CBR3-AS1 expression restricted H460 and A549 cell proliferation ([Fig. 5G](#f5-or-44-04-1403){ref-type="fig"}) and promoted apoptosis ([Fig. 5H](#f5-or-44-04-1403){ref-type="fig"}), which were abolished by co-transfecting cells with antagomir-509-3p. Similarly, decreased CBR3-AS1 expression impaired the migratory ([Fig. 5I](#f5-or-44-04-1403){ref-type="fig"}) and invasive ([Fig. 5J](#f5-or-44-04-1403){ref-type="fig"}) abilities of H460 and A549 cells, and these effects were abrogated by synergistically knocking down miR-509-3p expression.

Rescue experiments were also conducted to determine whether upregulating HDAC9 reversed the malignant phenotypes of NSCLC cells in conjunction with CBR3-AS1-knockdown. HDAC9 overexpression increased both HDAC9 mRNA ([Fig. 6A](#f6-or-44-04-1403){ref-type="fig"}) and protein ([Fig. 6B](#f6-or-44-04-1403){ref-type="fig"}) levels in H460 and A549 cells. Next, pc-HDAC9 or pcDNA3.1 were introduced into H460 and A549 cells in the presence of si-CBR3-AS1. Functionally, the impacts of CBR3-AS1 inhibition on the proliferation ([Fig. 6C](#f6-or-44-04-1403){ref-type="fig"}), apoptosis ([Fig. 6D](#f6-or-44-04-1403){ref-type="fig"}), migration ([Fig.6E](#f6-or-44-04-1403){ref-type="fig"}) and invasiveness ([Fig. 6E](#f6-or-44-04-1403){ref-type="fig"}) of H460 and A549 cells were counteracted by HDAC9 overexpression. Together, these data indicate that the miR-509-3p/HDAC9 axis mediates the cancer-promoting effects of CBR3-AS1 in NSCLC cells.

### CBR3-AS1 interference impedes NSCLC tumor growth in vivo

A tumor xenograft model was established to determine tumor growth after a subcutaneous injection of H460 cells stably transfected with sh-CBR3-AS1 or sh-NC. Tumor growth was inhibited in the sh-CBR3-AS1 group compared with that in the sh-NC group ([Fig. 7A](#f7-or-44-04-1403){ref-type="fig"}). After 4 weeks, all mice were euthanized and the subcutaneous tumors were resected and imaged ([Fig. 7B](#f7-or-44-04-1403){ref-type="fig"}). The average weight of the subcutaneous tumors was found to be decreased in the sh-CBR3-AS1 group compared with the sh-NC group ([Fig. 7C](#f7-or-44-04-1403){ref-type="fig"}). Furthermore, RT-qPCR was performed to indicate the changes in CBR3-AS1 and miR-509-3p expression in the sh-CBR3-AS1 and sh-NC group tumors. The results indicated that CBR3-AS1 expression was downregulated ([Fig. 7D](#f7-or-44-04-1403){ref-type="fig"}), whereas miR-509-3p expression was upregulated ([Fig. 7E](#f7-or-44-04-1403){ref-type="fig"}) in the sh-CBR3-AS1 group. Furthermore, the mRNA ([Fig. 7F](#f7-or-44-04-1403){ref-type="fig"}) and protein ([Fig. 7G](#f7-or-44-04-1403){ref-type="fig"}) levels of HDAC9 were evidently decreased in the sh-CBR3-AS1 group compared with those in the sh-NC group. Thus, these results indicate that CBR3-AS1-knockdown suppressed NSCLC cell tumor growth in *in vivo* by targeting the miR-509-3p/HDAC9 axis.

Discussion
==========

Over the last decade, numerous studies have reported the aberrant expression of lncRNAs and their functions in NSCLC tumorigenesis and progression ([@b28-or-44-04-1403]--[@b30-or-44-04-1403]); thus, therapeutic strategies that target lncRNAs may hold promise for the treatment of NSCLC. Although numerous lncRNAs have been validated in the human genome ([@b31-or-44-04-1403]), only a small number have been well studied in relation to NSCLC. Therefore, further investigation into the roles and relevant mechanisms of such lncRNAs is warranted. In the present study, CBR3-AS1 expression was detected in NSCLC tissues and its prognostic value was evaluated. The impacts of CBR3-AS1 on the tumorigenicity of NSCLC cell lines, and the mechanisms mediating the tumor-promoting activities of CBR3-AS1 in NSCLC progression, were also assessed.

CBR3-AS1 expression is upregulated in osteosarcoma, and this upregulation is closely associated with Enneking stage, distant metastasis and histological grade ([@b21-or-44-04-1403]). High CBR3-AS1 expression has also been identified as an independent predictor of poor prognosis in patients with osteosarcoma ([@b21-or-44-04-1403]). CBR3-AS1 is also highly expressed in breast cancer tissues and cell lines ([@b32-or-44-04-1403]); patients with breast cancer and a high CBR3-AS1 expression level present with poorer overall and disease-free survival outcomes than those with low levels of CBR3-AS1 ([@b32-or-44-04-1403]). Nevertheless, the expression profile of CBR3-AS1 in NSCLC is yet to be elucidated. In the present study, CBR3-AS1 was upregulated in NSCLC tissues and cell lines, and high levels of CBR3-AS1 were associated with a larger tumor size, advanced TNM stage and an increased incidence of lymph node metastasis. The overall survival times of NSCLC patients with high CBR3-AS1 expression were shorter than those of patients with low CBR3-AS1 expression. These observations suggest that the high CBR3-AS1 expression observed in NSCLC is associated with poor postoperative prognosis in patients with this malignancy. Thus, CBR3-AS1 may be developed as an effective target for NSCLC diagnosis and prognosis.

Functionally, silencing CBR3-AS1 attenuates cellular proliferation, migration and invasiveness, and promotes apoptosis in osteosarcoma ([@b21-or-44-04-1403]). In breast cancer, CBR3-AS1 exerts an oncogenic role by regulating cell proliferation, colony formation and apoptosis *in vitro*, and tumor growth *in vivo* ([@b32-or-44-04-1403]). To better comprehend the detailed function(s) of CBR3-AS1 in NSCLC, the impacts of CBR3-AS1-knockdown on NSCLC cells were determined using a series of functional experiments *in vitro* and *in vivo*. CBR3-AS1-knockdown resulted in an obvious decrease in cellular proliferation, migration and invasiveness, as well as an increase in apoptosis *in vitro*. Moreover, a tumor xenograft model indicated that CBR3-AS1 inhibition hindered the tumorigenicity of NSCLC cells *in vivo*. These results collectively suggest that CBR3-AS1 is a potential target for NSCLC anticancer therapy.

The functions of lncRNAs are largely determined by their subcellular localization ([@b33-or-44-04-1403]). To elucidate the functions of CBR3-AS1 in NSCLC, an lncRNA subcellular localization predictor (lncLocator) and nuclear-cytoplasmic fractionation were applied to identify the localization of CBR3-AS1. The results confirmed CBR3-AS1 as a cytoplasmic lncRNA and suggested that CBR3-AS1 functions as a ceRNA and sponges miRNA, thereby liberating miRNAs from their binding sites on target mRNAs. Clarification of the miRNA/mRNA axis will advance our understanding of the mechanisms by which CBR3-AS1 promotes the oncogenic potential of NSCLC cells.

Bioinformatics analysis was performed to predict the miRNAs that interact with CBR3-AS1. Among the candidates identified, miR-509-3p was selected for further experimental verification given its crucial roles in tumorigenesis and cancer progression ([@b24-or-44-04-1403]--[@b27-or-44-04-1403]). Luciferase reporter and RIP assays confirmed miR-509-3p as a target of CBR3-AS1 in NSCLC cells. In addition, miR-509-3p was weakly expressed and inversely correlated with CBR3-AS1 expression in NSCLC tissues. Furthermore, miR-509-3p expression was increased in NSCLC cells after CBR3-AS1 silencing. Mechanistic investigations identified HDAC9 as a direct target of miR-509-3p in NSCLC cells; HDAC9 expression was also positively regulated by CBR3-AS1, and these regulatory actions were exerted through miR-509-3p sponging. These results validate that a ceRNA regulatory pathway involving CBR3-AS1, miR-509-3p and HDAC9 exists in NSCLC cells.

HDAC9, a member of the histone deacetylase family, was discovered to play crucial roles in a number of malignant characteristics of cancer progression. HDAC9 is highly expressed in NSCLC and is associated with adverse clinicopathological characteristics and shorter overall patient survival time ([@b34-or-44-04-1403]). Functionally, HDAC9 exerts oncogenic activities in NSCLC cells by promoting proliferation, colony formation, migration and invasiveness, and by inducing apoptosis. In the present study, rescue experiments demonstrated that increasing the output of the miR-509-3p/HDAC9 axis counteracted CBR3-AS1 depletion-induced inhibitory impacts on NSCLC cells. Jointly, CBR3-AS1, miR-509-3p and HDAC9 constitute an interactive regulatory network that exerts tumor-promoting effects in NSCLC tumorigenesis and progression. Therefore, the CBR3-AS1/miR-509-3p/HDAC9 pathway may be an effective target for the improved control of NSCLC.

The present study has two limitations. Firstly, CBR3-AS1 and miR-509-3p expression data in NSCLC from The Cancer Genome Atlas (TCGA) database were not analyzed. Secondly, the correlation between CBR3-AS1 and miR-509-3p expression in NSCLC was not examined using data from TCGA database, limitations that will be addressed in the near future. However, to the best of our knowledge, the present study is the first to highlight the cancer-promoting effects of CBR3-AS1 in NSCLC cells, both *in vitro* and *in vivo*. Mechanistically, CBR3-AS1 was found to function as a ceRNA that sponges miR-509-3p, thereby increasing HDAC9 expression. These findings may positively impact the development of novel targeted drugs and the enrichment of therapeutic strategies for NSCLC.
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![CBR3-AS1 expression is upregulated in NSCLC and is closely associated with poor clinical outcome. (A) Relative CBR3-AS1 expression was detected using RT-qPCR in 57 pairs of NSCLC and adjacent healthy tissues. (B) RT-qPCR was performed to characterize the expression pattern of CBR3-AS1 in four NSCLC cell lines. The human nontumorigenic bronchial epithelium cell line BEAS-2B served as a control. (C) Overall survival was assessed using Kaplan-Meier survival plots according to CBR3-AS1 expression in NSCLC patients (P=0.0288). \*\*P\<0.01. CBR3-AS1, CBR3 antisense RNA 1; NSCLC, non-small cell lung cancer; RT-qPCR, reverse transcription-quantitative PCR.](OR-44-04-1403-g00){#f1-or-44-04-1403}

![CBR3-AS1-knockdown inhibits cellular proliferation, migration and invasiveness, and promotes apoptosis in NSCLC. (A) CBR3-AS1 expression in H460 and A549 cells transfected with three CBR3-AS1 siRNAs (si-CBR3-AS1\#1, \#2 and \#3) and si-NC was measured using RT-qPCR. (B) Proliferation of CBR3-AS1-depleted H460 and A549 cells was determined using the Cell Counting Kit 8 assay. (C) Flow cytometry was performed to determine the apoptotic rates of H460 and A549 cells after CBR3-AS1 inhibition. The (D) migratory and (E) invasive abilities of si-CBR3-AS1- or si-NC-transfected H460 and A549 cells were evaluated by Transwell migration and invasion assays. Magnification, ×200. \*P\<0.05 and \*\*P\<0.01. CBR3 antisense RNA 1; NSCLC, non-small cell lung cancer; RT-qPCR, reverse transcription-quantitative PCR; si(RNA), small interfering; NC, negative control.](OR-44-04-1403-g01){#f2-or-44-04-1403}

![CBR3-AS1 acts as a competing endogenous RNA by interacting with miR-509-3p in NSCLC cells. (A) lncLocator was used to predict the localization of CBR3-AS1. (B) Subcellular distribution of CBR3-AS1 was examined in H460 and A549 cells by nuclear-cytoplasmic fractionation and RT-qPCR. (C) Speculated complementary binding sequences of miR-509-3p in CBR3-AS1. (D) Luciferase reporter vectors carrying wild-type or mutant miR-509-3p-binding sites were co-transfected into H460 and A549 cells with agomir-509-3p or agomir-NC. (E) RNA immunoprecipitation assays were performed in H460 and A549 cells, and the enrichment of CBR3-AS1 and miR-509-3p in the coprecipitated RNA was quantified by RT-qPCR. (F) Expression patterns of miR-509-3p in 57 pairs of NSCLC and adjacent healthy tissues were determined by RT-qPCR. (G) Spearman\'s correlation analysis to determine the association between CBR3-AS1 and miR-509-3p expressions in 57 paired tissue samples (r=−0.5541, P\<0.0001). (H) Influence of CBR3-AS1-knockdown on miR-509-3p expression in H460 and A549 cells was evaluated by RT-qPCR. \*P\<0.05 and \*\*P\<0.01. CBR3 antisense RNA 1; NSCLC, non-small cell lung cancer; RT-qPCR, reverse transcription-quantitative PCR; miR, microRNA; NC, negative control.](OR-44-04-1403-g02){#f3-or-44-04-1403}

![miR-509-3p directly targets HDAC9 in NSCLC cells. (A) Agomir-509 or agomir-NC was transfected into H460 and A549 cells and transfection efficiency was validated using RT-qPCR. (B) Proliferation and (C) apoptosis of H460 and A549 cells transfected with agomir-509 or agomir-NC were detected by Cell Counting Kit 8 assays and flow cytometry, respectively. Transwell (D) migration and (E) invasion assays were performed to assess the effects of miR-509-3p overexpression on the migratory and invasive abilities of H460 and A549 cells. Magnification, ×200. (F) WT and MUT miR-509-3p target sites in the HDAC9 transcript. (G) RT-qPCR and (H) western blotting were performed to detect HDAC9 mRNA and protein expression, respectively, in H460 and A549 cells after upregulation of miR-509-3p expression. (I) Luciferase reporter assays were performed to determine the luciferase activities of H460 and A549 cells after co-transfection with agomir-509 or agomir-NC and WT-HDAC9 or MUT-HDAC9. (J) RT-qPCR for the expression of HDAC9 mRNA in 57 pairs of NSCLC and adjacent healthy tissues. (K) Spearman\'s correlation analysis was performed to analyze the correlation between miR-509-3p and HDAC9 mRNA expression in 57 NSCLC tissues (r=−0.6084, P\<0.0001). \*P\<0.05 and \*\*P\<0.01. miR, microRNA; HDAC9, histone deacetylase 9; NSCLC, non-small cell lung cancer; NC, negative control; RT-qPCR, reverse transcription-quantitative PCR; WT, wild-type; MUT, mutant.](OR-44-04-1403-g03){#f4-or-44-04-1403}

![Suppression of miR-509-3p expression counteracts the effects of CBR3-AS1 knockdown on NSCLC cells. H460 and A549 cells were transfected with si-CBR3-AS1 or si-NC, and HDAC9 mRNA and protein expression were measured by (A) RT-qPCR and (B) western blotting, respectively. (C) Correlation between CBR3-AS1 and HDAC9 mRNA expression in 57 paired NSCLC tissues was examined using Spearman\'s correlation analysis (r=0.5546, P\<0.0001). (D) Silencing efficiency of antagomir-509-3p in H460 and A549 cells was evaluated by RT-qPCR. Antagomir-NC acted as the control for antagomir-509-3p. CBR3-AS1-deficient H460 and A549 cells were transfected with antagomir-509-3p or antagomir-NC. (E) RT-qPCR and (F) western blotting were used to assess changes in HDAC4 mRNA and protein expression, respectively. (G) Proliferation and (H) apoptosis were detected by Cell Counting Kit 8 and flow cytometric assays, respectively. Transwell (I) migration and (J) invasion assays were performed to determine the migratory and invasive abilities of transfected H460 and A549 cells. Magnification, ×200. \*P\<0.05, \*\*P\<0.01 and \*\*\*\*P\<0.0001. miR, microRNA; CBR3 antisense RNA 1; NSCLC, non-small cell lung cancer; si(RNA), small interfering; NC, negative control; HDAC9, histone deacetylase 9; RT-qPCR, reverse transcription-quantitative PCR.](OR-44-04-1403-g04){#f5-or-44-04-1403}

![Effects of CBR3-AS1-knockdown on NSCLC cells are neutralized by HDAC9 reintroduction. (A) HDAC9 mRNA and (B) protein expression were assessed by reverse transcription-quantitative PCR and western blotting, respectively, in H460 and A549 cells after pcDNA3.1 or pc-HDAC9 transfection. si-CBR3-AS1 in parallel with pcDNA3.1 or pc-HDAC9 was co-transfected into H460 and A549 cells. (C) Proliferation, (D) apoptosis, (E) migration and invasiveness were evaluated by Cell Counting Kit 8 assay, flow cytometry, and transwell migration and invasion assays, respectively. Magnification, ×200. \*P\<0.05, \*\*P\<0.01 and \*\*\*\*P\<0.0001. CBR3 antisense RNA 1; NSCLC, non-small cell lung cancer; HDAC9, histone deacetylase 9; si, small interfering.](OR-44-04-1403-g05){#f6-or-44-04-1403}

![CBR3-AS1 silencing restricts NSCLC tumor growth *in vivo*. (A) Tumor growth curves were plotted by measuring tumor volume weekly for 4 weeks after the injection of H460 cells stably transfected with sh-CBR3-AS1 or sh-NC. (B) Representative images of subcutaneous tumors in nude mice 4 weeks after injection of H460 cells stably transfected with sh-CBR3-AS1 or sh-NC. (C) Weights of subcutaneous tumors isolated from the sh-CBR3-AS1 and sh-NC groups were detected 4 weeks after cell inoculation. (D) CBR3-AS1 and (E) miR-509-3p expression in subcutaneous tumors was measured using RT-qPCR. (F) RT-qPCR and (G) western blotting were performed to analyze HDAC9 mRNA and protein levels in subcutaneous tumors, respectively. \*\*P\<0.01. CBR3 antisense RNA 1; NSCLC, non-small cell lung cancer; sh, short hairpin; NC, negative control; RT-qPCR reverse transcription-quantitative PCR; HDAC9, histone deacetylase 9.](OR-44-04-1403-g06){#f7-or-44-04-1403}

###### 

Correlations between CBR3-AS1 and the clinicopathological characteristics of 57 patients with NSCLC.

                          CBR3-AS1 expression        
  ----------------------- --------------------- ---- ------------------------------------------------------
  Sex                                                0.599
    Male                  17                    14   
    Female                12                    14   
  Age, years                                         0.792
    \<60                  14                    12   
    ≥60                   15                    16   
  Tumor size, cm                                     0.033^[a](#tfn1-or-44-04-1403){ref-type="table-fn"}^
    \<3                   12                    20   
    ≥3                    17                    8    
  Differentiation                                    0.777
    High and Moderate     8                     9    
    Poor                  21                    19   
  TNM stage                                          0.014^[a](#tfn1-or-44-04-1403){ref-type="table-fn"}^
    I+II                  13                    22   
    III+IV                16                    6    
  Lymph node metastasis                              0.024^[a](#tfn1-or-44-04-1403){ref-type="table-fn"}^
    Negative              15                    23   
    Positive              14                    5    

P\<0.05 by χ^2^ test.
